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014.02.0Abstract Pressure sensing and schlieren imaging with high resolution and sensitivity are applied to
the study of the interaction of single-pulse laser energy with bow shock at Mach 5. An Nd:YAG
laser operated at 1.06 lm, 100 mJ pulse energy is used to break down the hypersonic ﬂow in a shock
tunnel. Three-dimensional Navier–Stokes equations are solved with an upwind scheme to simulate
the interaction. The pressure at the stagnation point on the blunt body is measured and calculated
to examine the pressure variation during the interaction. Schlieren imaging is used in conjunction
with the calculated density gradients to examine the process of the interaction. The results show that
the experimental pressure at the stagnation point on the blunt body and schlieren imaging ﬁt well
with the simulation. The pressure at the stagnation point on the blunt body will increase when the
transmission shock approaches the blunt body and decrease with the formation of the rareﬁed
wave. Bow shock is deformed during the interaction. Quasi-stationary waves are formed by high
rate laser energy deposition to control the bow shock. The pressure and temperature at the stagna-
tion point on the blunt body and the wave drag are reduced to 50%, 75% and 81% respectively
according to the simulation. Schlieren imaging has provided important information for the inves-
tigation of the mechanism of the interaction.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.Open access under CC BY-NC-ND license.1. Introduction
With the advantages of high speed and high ﬂight altitude,
hypersonic vehicles are widely researched. The pressure and
heat ﬂux at the stagnation point on the blunt body and wave
drag of a hypersonic vehicle are quite high. Flow control is66364489.
m (Y. Hong).
orial Committee of CJA.
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06necessary to enhance the performance. Active ﬂow control is
a method to remodel the ﬂow ﬁeld by localized energy deposi-
tion. It has been widely explored in the control of the shock
waves in supersonic ﬂow to reduce wave drag or protect the
aircraft.1–3 Georgievsky and Levin4 reviewed the studies of
the interaction of a plane shock with a hot region, and dis-
cussed the supersonic interaction of a sphere with a three-
dimensional ﬁnite inhomogeneous region using the Euler equa-
tions. Schu¨lein et al.5 studied the bow shock interaction with
pulse-heated air bubbles experimentally and numerically at
Mach 2. Vorticity generation initiated by blast-waves was
shown signiﬁcantly. Kogan et al.6,7 simulated the peak heat
ﬂux and wave drag reduction by supplying heat to a free
stream to control the bow shock. Mach number of the freeSAA & BUAA.Open access under CC BY-NC-ND license.
Fig. 1 Schematics of the experimental setup.
242 Y. Hong et al.stream was 2–7. Drag decrease up to 9% was observed for the
conﬁguration with the heat source placed before the sphere at
the distance of 0.5 sphere radii along the symmetry axis. As a
kind of directed energy, laser is applied widely in ﬂow control
due to its high power density. Adelgren et al.8–10 deposited sin-
gle pulsed laser energy into quiescent air, upstream of bow
shock and shock interactions in Mach 3.45 ﬂow to investigate
the potential value of ﬂow control with laser energy. Peak pres-
sure with the bow shock and type IV interaction were reduced
by 40% and 30% respectively by measurements. Hong11–15
and Kandala et al.16–19 studied numerically the inﬂuence of la-
ser energy deposition on shock interactions, and the results
showed that the pressure and temperature distribution of the
blunt body could be remarkably changed. Quasi-stationary
waves generated by high-rated laser were applied to reduce
the supersonic wave drag. Sasoh et al.20–24 reduced the wave
drag of the blunt body in Mach 1.92 ﬂow with 10 kHz repeti-
tive laser pulses.
The characteristics of a hypersonic ﬂow are unique in some
aspects. Experimental study of the interaction of laser pulse
with bow shock has not been performed in hypersonic ﬂow
conditions. This paper has the purpose to investigate the pro-
cess of the interaction of single-pulse laser energy with bow
shock in Mach 5 ﬂow. The mechanism of the pressure and heat
ﬂux at the stagnation point on the blunt body and the wave
drag reduction by the interaction is disclosed. The interaction
of quasi-stationary waves generated by high-rated laser with
hypersonic bow shock is studied.
2. Experimental setup
The experimental setup is shown in Fig. 1. The experiment was
performed in a shock tunnel at Mach 5. The experiment time
of the shock tunnel was about 10 ms. The diameter of the test
section was 100 mm. Helium was selected as the drive gas with
p4 = 1.5 MPa. Air was the driven gas with p1 = 0.25 MPa,
where p4 and p1 are the pressure of drive and driven sections
respectively. The diameter of the blunt body was 20 mm.
Two PCB sensors were set at the driven section to detect the
speed of the incident and the reﬂected shock waves, which were
applied to conﬁrm the total pressure and temperature of the
shock tunnel. Total pressure p5 and temperature T5 were
2.3 MPa and 600 K respectively. The calculation equation
according to shock tube theory is:
p5
p1
¼ 2r1Ma
2
s  ðr1  1Þ
  ð3r1  1ÞMa2s  2ðr1  1Þ
 
ðr1 þ 1Þ ðr1  1ÞMa2s þ 2
  ð1Þ
T5
T1
¼ 2ðr1  1ÞMa
2
s  ðr1  3Þ
  ð3r1  1ÞMa2s  2ðr1  1Þ
 
ðr1 þ 1Þ2Ma2s
ð2Þ
where Mas is the Mach number of the incident shock wave de-
tected by the two PCB sensors; c1 = 1.4 is the speciﬁc heat ra-
tio of the driven section; T1 is the temperature of the driven
section.
Diagnostic technology with high resolution and sensitivity
was required in this study due to the high speed and low den-
sity of the hypersonic ﬂow. Schlieren imaging was used in this
paper to display the ﬂow ﬁeld. The main difﬁculties and corre-
sponding solutions are described as follows: (a) The magnitudeof the exposure should be great to capture the details of the
interaction, which required a high level brightness of the light
source. A ﬂash xenon lamp illuminated by high voltage break-
down xenon was used to solve this problem. (b) The process of
the interaction was fast, which requires a high frequency of
camera recording. A high speed ICCD camera (PCO-HSFC)
with 1280 · 1024 pixels resolution was used. Exposure time
could be as short as 3 ns. Four channels worked indepen-
dently. (c) The blast wave induced by laser energy in the low
density ﬂow was weak, which needed high sensitivity of the
schlieren imaging system. Slots were used to restrict the light
source in a 0.5 mm · 20 mm rectangle to increase the sensitiv-
ity. The schlieren imaging system was presented in imaginary
line in Fig. 1. Exposure time of the schlieren imaging was
500 ns in this study.
The pressure measurements at the stagnation point on the
blunt body were performed with a piezoelectric pressure sensor
(PCB-111A24). The sensitivity of the sensor was 0.73 mV/kPa
with ±10% error. The sensor was connected through a signal
conditioner (PCB-482C16) to a data collector (PCI4712,
40MSs) and then to a computer. The sampling frequency
was 10 MHz.
A single-pulse of laser energy was delivered to the ﬂow by
an Nd:YAG laser operating at 10.6 lm with a maximum beam
power of approximately 600 mJ, which was attenuated to
100 mJ by passing it through the lenses and mirrors. The laser
energy was measured by a standard laser energy meter (Laser-
point). The laser light was focused using a convex lens with
150 mm focal length. The distance between the deposition
point and the blunt body was 25 mm. The blunt body was
two dimensional. Both the diameter and the width were
20 mm.
A digital generator DG645 (Stanford Research System) was
employed to supply a preset time sequence for the laser energy,
ﬂash xenon lamp, data acquisition of the PCB sensor and high
speed camera. Time zero of the DG645 was deﬁned by the inci-
dence shock of the shock tube which was detected by a PCB
sensor.
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Nonstationary compressible three-dimensional Navier–Stokes
equations were solved with an upwind scheme to simulate
the interaction. The calculation was second order accurate
scheme based on the ﬁnite volume method and the domain
decomposition of the structural grid. An implicit difference
method was employed. An upwind scheme based on a rotating
Riemann solver was used to calculate the inviscid ﬂux. A per-
fect gas model was used. The pulse duration of laser was 10 ns
in the experiment, which was very short compared with the
ﬂow evolution. So laser energy was deposited instantaneously,
while the generation and progress of the plasma could be ig-
nored. Laser energy was deposited in the area with a diameter
of 2 mm. The equation is:
@Q
@t
þ @F
@x
þ @G
@y
þ @H
@z
¼ @Fv
@x
þ @Gv
@y
þ @Hv
@z
þ S ð3ÞFig. 3 Distribution of pre
Fig. 2 Grid and boundary deﬁnition.where Q is the conservation variable, F, G and H are the invis-
cid functions; Fv, Gv and Hv are the viscid functions; S is the
energy source.
Q ¼ ½q qu qv qw qET
F ¼ ½qu quuþ p qvu qwu qEuþ puT
G ¼ ½qv quv qvvþ p qwv qEvþ pvT
H ¼ ½qw quw qvw qwwþ p qEwþ pwT
8>><
>>:
ð4Þ
S ¼ ½0 0 qXw qXv 0T
Fv ¼ ½0 sxx syx szx bxT
Gv ¼ ½0 sxy syy szy byT
Hv ¼ ½0 sxz syz szz bzT
8>><
>>:
ð5Þ
where q and p are the gas density and pressure, respectively; u,
v and w are the velocity components; E is the total energy of
gas per unit volume; X is the rotary velocity; s is the stress;
b is the energy.
Since the laser pulse duration was 10 ns in the experiment,
which was quite short compared with the process of the ﬂow
ﬁeld, laser energy deposition was assumed as an instantaneous
deposition. Internal energy increased as the laser energy depos-
ited. The speciﬁc internal energy before laser energy deposition
is:
eold ¼ E 1
2
ðu2 þ v2 þ w2Þ ð6Þ
The total energy of the laser in the deposition area is:
Qin ¼
PDt
qV
ð7Þ
where V is the volume of the deposition area; P is the power of
the laser, and Dt is the duration of the laser pulse.
Assume the laser energy was deposited uniformly. The spe-
ciﬁc internal energy in each calculation cell after laser deposi-
tion was:
e ¼ Qin
qV
þ eold ¼ PDtqV þ E
1
2
ðu2 þ v2 þ w2Þ ð8Þssure at different times.
244 Y. Hong et al.In the condition of high rate laser pulse, the function of the
laser energy can be described as:
fðtÞ ¼
Q; 0 6 modðt; 1
f
Þ 6 Dt
0; Dt 6 modðt; 1
f
Þ 6 1
f
8><
>:
ð9Þ
where Q is the single-pulse laser energy; f is the frequency of
the laser pulse. Dual-time stepping methods with an implicit
algorithm were adopted to solve the stiff problems caused by
the energy terms.
Mach number of the free stream was 5. Static pressure p1
and temperature T1 were 4349 Pa and 100 K respectively,
which were deﬁned according to the experiment. The size of
the blunt body was the same as the experiment. The diffraction
zone was 30 mm wide at each side of the blunt body. The struc-
tural grids were generated with commercial software Grid-
genV15, and the total number was 90,000. There were about
two cells in 1 mm3 near the wall. No-slip wall conditions were
applied on the surface of the blunt body. The grid and deﬁni-
tion of the boundary were shown in Fig. 2. The calculation
program was developed on our own.Fig. 4 Pressure and temperature at stagnation point on the blunt
body.4. Results and discussion
The pressure distributions at different times since the deposi-
tion were shown in Fig. 3. Divided by the value without the
interaction, both the simulated and the experimental pressure
at the stagnation point on the blunt body were normalized in
Fig. 4. In Fig. 4, h is the angle of the blunt body surface.
The interaction of a single pulsed laser energy with the bow
shock could be described in three steps.
Step 1: From laser energy depositing to t= 15 ls. The laser
induced blast wave expanded while moving towards the
blunt body with the incoming ﬂow. The peak pressure
and temperature of the blunt body was about 1.4 · 105 Pa
and 600 K. The distribution had not been changed
signiﬁcantly.
Step 2: The laser induced blast wave interacted with the
bow shock. The ﬂow was compressed by the transmission
shock wave. At t= 15 ls the blast wave interacted with
the bow shock and generated a transmission shock. A
local high pressure region was generated. At t= 17 ls,
the transmission shock wave approached the blunt body,
causing the ﬁrst peak value of the pressure at the stagna-
tion point on the blunt body. The experimental result
was 2.6 · 105 Pa, while the simulated result was
4.3 · 105 Pa. The cause of the difference lay in the perfect
gas model in the simulation. Molecular ionization was
ignored, so the calculated pressure would be higher.
The transmission shock wave transmitted downstream
and a rareﬁed wave was formed near 0, so the pressure
at the stagnation point on the blunt body decreased
acutely. At other angles, the transmission shock transmit-
ted downstream along the blunt body, causing local pres-
sure and temperature to increase. At t= 35 ls, the high
pressure region was detached from the blunt body, and
the pressure at the stagnation point on the blunt body
was as low as 5 kPa. The second peak at t= 45 ls and
valley at t= 53 ls were caused by the interaction ofthe upstream portion of the laser energy deposition blast
wave and the bow shock. This interaction was not so
intensive as the foregoing one, so the pressure changed
less markedly.
Step 3: With the effect of the laser energy coming to an
end, the ﬂow ﬁeld recovered to the initial condition. The
temperature at t= 70 ls was about two times that of the
initial value while the pressure was about the same, which
meant the high temperature was not caused by the shock
wave. The cause was that the higher temperature level accu-
Fig. 6 Calculated density gradients integrated along z axis.
Fig. 5 Schlieren images.
Fig. 7 Process of the ﬂow ﬁeld with high rate laser pulses.
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Fig. 8 Variation of the parameters with high rate laser deposition.
246 Y. Hong et al.mulated in the heated air bubble by laser energy deposition
reached the blunt body. Turbulence caused by heat was
shown in schlieren images in Fig. 5.
To further disclose the mechanisms of the interaction of la-
ser energy with bow shock, the shock wave structures were
studied. Fig. 5 was the schlieren images. Fig. 6 was the calcu-
lated density gradients integrated along z axis. The calculated
shock structures ﬁtted well with the experiment. Laser induced
blast wave and transmission shock were clear both in calcula-
tion and experiment. With a rareﬁed wave formed at the stag-
nation point, the low pressure region was formed near the
stagnation point. Transmission shock moved downstream
along the blunt body. The bow shock was deformed due to
the interaction during t= 25 ls to t= 50 ls, which was the
so called lens effect. The left half of the blast wave, the de-
formed bow shock and the reﬂected blast wave were combined
together. Turbulence appeared at t= 50 ls due to the heat
transfer.
The duration of the low pressure region caused by lens ef-
fect was quite short in the case of a single pulse. The pressure
and temperature at the stagnation point on the blunt body
increased sharply after the lens effect. Consequently, high
rate laser energy was considered. In calculation, 150 kHz fre-
quency laser was deposited 20 mm upstream of the blunt
body with a pulsed energy of 5 mJ. So the total deposited en-
ergy during 80 ls was 60 mJ, which was 0.6 times that of the
single pulsed condition. But the pressure and the wave drag
reduced by 50% and 19% respectively, which meant the highrate laser was much more efﬁcient. The process of the ﬂow
ﬁeld after the laser deposition was seen in Fig. 7. At
t= 10 ls, one blast wave was generated with the ﬁrst pulse.
At t= 30 ls, four blast waves had been generated and com-
bined as a quasi-stationary wave. Since t= 50 ls, the quasi-
stationary wave interacted with the bow shock and the bow
shock was deformed upstream. The off-body distance be-
tween the bow shock and the blunt body was enlarged. The
pressure and temperature at the stagnation point on the blunt
body and wave drag Dw were reduced signiﬁcantly, as shown
in Fig. 8.5. Conclusions
(1) High resolution schlieren technique was developed and
three-dimensional Navier–Stokes equations were solved
to study the interaction of single-pulse laser energy with
bow shock in a Mach 5 ﬂow. The process of the interac-
tion was clearly presented. The results indicate that: the
bow shock was deformed during the interaction, a rare-
ﬁed wave was formed near the stagnation point at the
same time, causing a low pressure region. The calculated
peak pressure was much higher than the experiment due
to the perfect gas model.
(2) The low pressure region during t= 25 ls to t= 35 ls
suggested that laser energy deposition would be a poten-
tial method to reduce the pressure at the stagnation
point on the blunt body and wave drag. To maintain
Interaction of single-pulse laser energy with bow shock in hypersonic ﬂow 247the low pressure region, high rate laser energy at
150 kHz was deposited to control the bow shock. A
quasi-stationary wave was formed after four pulses.
The pressure and temperature at the stagnation point
on the blunt body and wave drag were reduced to
50%, 75% and 81% respectively.
(3) Mach number in this study was 5, which was much
higher than the previous studies. The schlieren images
were quite clear. Details of the hypersonic interaction
of pulse-heated air bubble were formulated. The mecha-
nisms of hypersonic wave drag reduced by the quasi-sta-
tionary wave generated with high rate laser energy were
disclosed. The quasi-stationary wave showed a potential
application in wave drag reduction. High temperature
gas models should be considered in further study.Acknowledgement
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